mathematicians, at least indirectly and in daydreams: with many doubts and a persistent feeling of self-deception and of fighting against mountains -or windmills.
Working as a mathematician with diabetes doctors is different. A bristling cascade of medical issues pulls the research forward: For nearly 90 years we have known that lack of secretion of the hormone insulin is one of the many serious issues in both diabetes type 1 (juvenile) and type 2 (obesity and age driven). For a large group of these patients, actually insulin is produced in pancreatic β-cells and stored in thousands of mini bags, vesicles, in the cell's interior. But the cells do not respond correctly to external stimuli with the actual secretion, called regulated exocytosis. That manifests itself in elevated blood sugar, which can be tasted and measured by urine sample. That has now been done for nearly four thousand years. 2 We call it a symptom diagnosis because the diagnosis says nothing about the wide range of causes which may underlie the lack of uptake of glucose in the muscles.
Previously, failure of insulin secretion automatically led to weakening the muscles, inflammation of the extremities, loss of vision and the body's final decay. Since the discovery of insulin, this tragic development can be countered by artificial supply of insulin by injection several times a day. We call it a symptom treatment because it is not even attempted to cure the patient or to make an effort to restore the body's own insulin secretion. Some claim that the relative success of the overall symptom diagnosis and symptomatic treatment of diabetes has blocked patient-centered, individualized diagnosis and treatment.
In any case collaboration with diabetes doctors is a powerful experience for a mathematician of continually being pulled forward by well-defined medical problems. Here it is simply to detect the functioning and system behavior of the regulated exocytosis in healthy β-cells and to identify everything that can stand in the way in the case of weakened β-cells, see Fig. 1 . The purpose is clear: mathematician, please come and help find the way to an earlier and more specific diagnosis and a cure or alleviation of the specific failure! The technological push. The technological push is not completely unfamiliar in mathematics, we may think: readily available electronic journals, large user-friendly collections of mathematical preprints and reviews, efficient numerical software packages, homemade LaTeX editing can put us under pressure as mathematicians. But it's nothing compared to the immense technological pressure cell research is subject to: with each new generation of equipment, oceans of new data inundate on quite different length scales. Rapidly expanding technology-pushed innovations are, e.g., about individual genes in the DNA, about proteins and about electrical cell membrane processes, but also the structure and function of a β-cell as a whole are attempted to be described in momentary images (by electron tomography) or dynamic sequences (by tracking of properly primed nanoparticles in living cells).
Heavy preponderance of ad-hoc perceptions.
There is no shortage of heroic attempts by some scientists to bring a little order and overview into this real wild jungle of data. Most tries, however, restrict themselves to ad-hoc fiddled perceptions of unconfined creativity à la: "it should probably be the cell nucleus that controls the process" or "there is a certain rate, which determines the transition between one stage and the next" or "a correlation between the one process and another process is unquestionable". Explanations hold until overtaken by new data and will then be "adjusted". They will never be falsified because they are freestanding and variable and not, as we are accustomed to from the world of physics, tied by head and limbs to the basic physical laws and the geometric properties of the three-dimensional space. The only quality criterion is whether a model looks like the known observations or can be tuned to coincide with them. It is a free kingdom of modeling, admitting fancied ghosts to explain actual observations, but a nightmare when looking for descriptions and explanations, offering a certain shelf life and a theoretical check for errors.
The phylogenetic heritage. Our insulin-producing β-cells are among the most differentiated human cells. They are closely packed with a zoo of different types of organelles. Insulin-like peptides can be detected in our distant invertebrate ancestors who have been around for more than 600 million years. Something resembling pancreases with a kind of insulin-producing β-cells already exist in the hagfish, which have existed for more than 500 million years. For every discovery it must be feared that a new observed process, a new measured quantity is quite irrelevant. Maybe you just hit a relic, a ruin of the historical development, which has no importance anymore. Of course, this type of confusion was also met in the history of physics. How long has it taken to assign to meteors and comets their place in our conception of the solar system or to remove Pluto from the list of planets formed in our solar system? However, while the ruins and relics ideally sharpen the mind in simple research fields such as physics and astronomy, they can be extremely confusing and even completely block medical research. Again and again one senses that we mathematicians coming from the outside possibly are too early. Perhaps we had better wait for another 150 or 200 years until the research has separated essential processes from nonessential processes, before we at last can begin the serious work.
Lack of universality.
What strikes me most in mathematical cell physiology is the lack of any universality or scale invariance. In the world of physics, Maxwell's equations apply both for highfrequency radio waves and low frequency voltage in power plants; the Navier-Stokes equations apply for both the continental atmospheric phenomena and the whirling around a ship hull. In physics, we have a field concept relating point measurements with spatially widespread events. It is not (yet?) so in cell physiology.
Of course there are cross connections between what we know about β-cell function and our genetic data, our conceptions of the mode of operation of single organs (like the pancreas) and a body's, an organism's behavior and the performance of a whole population. For example, genetic data are just collected by epidemiological studies of large populations and the feedback is well studied between nutrient intake, liver and brain response and the secretion signaling. But -apart from the universality of the applied statistical methods for parameter estimation and hypothesis testing -all the met methods are closely tied to a specific biological level, a particular length and time scale. We know such a hopeless situation also from mathematical physics with the seeming incompatibility between the mathematical theories of gravitation and quantum mechanics. That might be considered as wounds in physics, but it is a unique wound. In diabetes research, we have hundreds of such cracks and ditches where no one knows if there is a bridge or how it then would be built.
Volatility. Medical biology, as it is conducted today is a huge undertaking with a myriad of articles published every year. Not many of them will be quoted after two years. That's probably the reason that a key parameter for bibliometric research information, the impact factor, only examines the current references to papers that are not more than just these two years old. Sure enough, the overall goal, the understanding of life and death, of health and illness, is long-lasting. But the angles of attack change constantly and appear frequently as dictated by some observational techniques that have just now come to use. The subject seems to be characterized by the absence of established and general traditions. As practiced today, cell physiology is a young subject which is just establishing itself. Accidental discoveries seem to play a major role. We recognize that also from physics, where, e.g., the discovery of high-temperature super-conductivity in conventional insulating ceramic materials by Bednorz and Müller in 1986 could hardly be characterized as the result of deep theoretical considerations. However, random breakthroughs occur without doubt more often in biomedicine.
Systems thinking versus reductionism. It goes without saying that a strictly reductionist program is needed in medical research, if the current packing of medical ignorance in ad-hoc assumptions shall be replaced by falsifiable references to basic physical laws. But I must also acknowledge that most bodily functions and processes involve many different cell components, neighboring cells, various organs and the whole organism in an interaction. Understandably, the holistic slogan of systems biology has become popular, and great expectations are attached to it.
Both programs will reveal exciting new facts and relations. Both approaches offer the mathematician rich working opportunities. To me, the most promising direction is somewhere in the middle: maybe a focused systems biology will show its ability to touch the wall, knock a hole in it, and achieve a breakthrough. That has not happened yet. The hope is to develop a medicine and a biology that simplifies in a reductionist way; fearlessly ignores some probably relevant aspects; and focuses on a limited range of processes; but in turn lets itself holistically and equally fearlessly be confronted with a multitude of levels and a diversity of length and time scales all at once.
Mathematical helping hand
What place ,then, has a mathematician in this environment?
The daily practice. Just as in engineering, economics or anywhere else, also in cell physiology the daily mathematical exercise consists of the estimation of some parameters, testing the significance of some hypotheses and designing compartment models for the dynamics of coupled quantitative variables. Often, the role of mathematics is to check whether a random discovery delivers what it promised.
Numerical problems can rapidly pile up when one wants, e.g., to simulate a fusion process of a simple insulin vesicle to the plasma membrane of the β-cell throughout the process: the bending of the plasma membrane into a dimple, the coupling of the vesicle to the dimple, the coalescence of vesicle and plasma membrane during the hemifusion, the formation of the fusion pore for emitting the insulin molecules, and dissolving the vesicle remains into the plasma membrane. The reason for the numerical problems is that we are at a mesoscale: the characteristic lengths vary from 1 nm for the lipid heads, to 7nm for the strength of the membrane bilayers of lipids -to 100-250 nm for the insulin vesicle diameters. Thus, the relevant lengths of regulated exocytosis considerably exceed the lengths that chemists have mastered using Molecular Dynamics (MD). It is even worse with the time scale, because a simple β-cell responds to glucose stimulation by insulin secretion over 25-30 minutes. And everything is in three dimensions, see Fig. 2 . This requires the development of special software to aggregate both space and time intervals to something that existing current computers can work with. front of the immense calibration and programming work that underlies such models. It's hard not to succumb to the fascination of the "lively" graphical output of such simulations. Respectfully and humbly, we should make our tool box available and fearlessly lend a hand when needed. But we must not abandon our mathematical way of viewing, our acquired competence to inquire into the basis for the modeling and the simulations. We must remain skeptical and question everything by cross-checking calculations; insisting on relating corresponding phenomena with each other; and using our imagination to devise quite simple physical mechanisms that have the ability to generate the world of complex phenomena that we observe.
The falsifying and heuristic function of mathematics. There are many jokes about the sharp-nosed mathematicians who check up something and afterwards, sometimes annoyed, sometimes smiling note that the biologists' data and assumptions do not fit together. This gives mathematicians a reputation of pettiness and pedantry, but it is perhaps our most important contribution to all biomedical fields. With such a know-all tone, between 1616 and 1628, William Harvey falsified the prevalent notions about the cardio-vascular system and discovered the arithmetic existence of the blood capillaries that connect arteries and veins -40 years before Marcello Malpighi's light microscope confirmed their histological reality. Similarly, e.g., a harmonic analysis 5 of observed electrical vibrations (calcium oscillations) in β-cells just before secretion indicates that these fluctuations are not only an expression of pulsing influx of calcium ions through the plasma membrane, but -contrary to popular perception -may also result from a pulsing violent "splashing" of these ions between the cell's internal calcium organelles such as mitochondria and the endoplasmic reticulum. Hence, a purely mathematical realization of an inconsistence can move the focus from, I must admit, more easily and directly measurable local electrical membrane processes (measurement of the change of the static potential over time using the patch clamp) to cell-internal global and long-range electro-dynamic processes (measurement of fluctuating magnetic field strengths) and give the exocytose research a new approach.
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Model-based and simulated measurements. Many biomedical quantities cannot be measured directly. That is due to the subject matter, here the nature of life, partly because most direct measurements will require some type of fixation, freezing and killing of the cells, partly due to the small length scale and the strong interaction between different components of the cell. Just as in physics since Galileo Galilei's determination of the fall law by calculating "backwards" from the inclined plan, one must also in cell physiology master the art of model-based experiment design. Let us, e.g., look at the eight to twelve thousand densely packed insulin vesicles in a single β-cell. They all must reach the plasma membrane within a maximum of 30 minutes after stimulation, to pour out their contents. Let us ignore the many processes taking place simultaneously in the cell and consider only the basic physical parameter for transport in liquids, namely the viscosity of the cell cytosol. From measurements of the tissue (consisting of dead cells) we know the magnitude of viscosity of the protoplasma, namely about 1 milli-pascal-seconds (mPa s), i.e., it is of the same magnitude as water at room temperature. But now we want to measure the viscosity in living cells: before and after stimulation; deep in the cell's interior and near the plasma membrane; for healthy and stressed cells.
It serves no purpose to kill the cells and then extract their cytosol. We must carry out the investigation in vivo and in loco, by living cells and preferably in the organ where they are located. The medical question is clear. So is the appropriate technological approach, since techniques have been developed which allow iron oxide nanoparticles of a diameter up to 100 nm to be brought inside these most vulnerable β-cells without destroying them. It happens with a low frequency (around 10 Hz) electromagnetic dynamic field generator that makes nanoparticles so to speak, to "roll" on the surface of the cells until they hit a willing receptor and get approach to the cell interior across the plasma membrane. These particles are primed with appropriate antigens and with a selected color protein, so that their movements within the cell can be observed with a confocal multi-beam laser microscope which can produce up to 40 frames per second. The periods of observations are only relatively short, perhaps a maximum of 8-10 minutes -before these particles are captured by cell endosomes and delivered to the cells' lysosomes for destruction and consumption of their color proteins. The simplest mathematical method to determine the viscosity of the cytosol in vivo would be just to pull the magnetized particles with their fairly well-defined radius a with constant velocity v through the liquid and measure the applied electromagnetic force F. Then the viscosity η is obtained from
The force and the speed must be small so as not to pull the particles out of the cell before the speed is measured and kept constant. Collisions with insulin vesicles and other organelles must be avoided. It can only be realized with a low-frequency alternating field. But then Stokes' Law must be rewritten for variable speed, and the mathematics begins to be advanced. In addition, at low-velocity we must correct for the spontaneous Brownian motion of particles. Everything can be done mathematically: writing the associated stochastic Langevin equations down and solve them analytically or approximate the solutions by Monte Carlo simulation.
8 However, we rapidly approach the equipment limitations, both regarding the laser microscope's resolution and lowest achievable frequency of the field generator.
So we might as well turn off the field generator and be content with intermittently recording the pure Brownian motion of a single nanoparticle in the cytosol! As shown in the two famous 1905/06 papers by Einstein 9 , the motion's variance (the mean square displacement over a time interval of length τ) σ , consisting of the 2D-projections of the three-dimensional orbits, as the experimental equipment also will do.
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Beautiful, but it is still insufficient for laboratory use: there we also must take into account the nonNewtonian character of the cytosol of β-cells. These cells are, as mentioned, densely packed with insulin vesicles and various organelles and structures. Since the electric charge of iron oxide particles is neutral, we can as a first approximation assume a purely elastic impact between particles and obstacles. It does not change the variance in special cases as M. Smoluchowski already figured out 100 years ago for strong rejection of particles by reflection at an infinite plane wall. 11 Here also computer simulations have their place to explore the impact of different repulsion and attraction mechanisms on the variance. Now you can hardly bring just a single nanoparticle into a cell. There will always be many simultaneously. Thus it may be difficult or impossible to follow a single particle's zigzag path in a cloud of particles by intermittent observation. Also here, rigorous mathematical considerations may help, namely the estimation of the viscosity by a periodic counting of all particles in a specified "window".
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The goal of model-based measurements and computer simulations is both to obtain the desired quantity from available or realizable observations and to become familiar with the expected laboratory conditions. Calculations and simulations can make us on intimate terms with the expected results; can support the exploration of a range of a priori unknown conditions; and help to identify the best choice of free parameters such as particle diameter, temperature, area of focus etc.
Need for new mathematical ideas? I have described how important a wide solid mathematical competence is for success in everyday practice; both for the verification and falsification of current assumptions; and for model-based measurements and simulation. Overview and literature study are required, not originality, this mother of banalities, as a Ukrainian bon mot says.
But there is also a need for radically new mathematical ideas, especially ideas that can integrate the otherwise isolated and local observations and perceptions that characterize molecular biology. How localized events propagate from a position at the plasma membrane into a global process involving 10 M. von Smoluchowski, 'Zur kinetischen Theorie der Brownschen Molekularbewegung und der Suspensionen', Ann. Phys. 21 (1906), 756-780, §9 gives -erroneously -the correction factor 4/π, i.e., the reciprocal value of the average shortening of a 3D-length in 2D-projection. 11 M. von Smoluchowski, 'Einige Beispiele Brownscher Molekularbewegung unter Einfluß äußerer Kräfte', Bull. Int. Acad. Sc. Cracovie, Mat.-naturw. Klasse A (1913), 418-434. 12 a myriad of ions, proteins and organelles far away and across the cell and let the essential event take place: the secretion, back at the plasma membrane? How does the communication taking place; the spread of a singularity; the amplification of a signal; and finally the creation of new forms? Many mathematical disciplines have something to offer, from algebraic geometry, stochastic processes and complex dynamics to parabolic and hyperbolic differential equations and free boundary value problems.
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Conclusion
How deep is the gap between mathematics and medicine? Most mathematicians who have tried to work with doctors will confirm that cooperation is fairly smooth. You soon find a common language and common understanding in spite of widely different backgrounds. Understandably, one should not and cannot overstretch the patience of a clinical physician who has his or her patient here and now.
The relationship between mathematics and medicine has been quite tumultuous in the history of science. Important mathematicians and physicists as R. Descartes, D. Bernoulli, J. d'Alembert, H. Helmholtz, E. Schrödinger, I. Gelfand, and R. Thom have been attracted to biomedical questions and observations, but have also expressed their reservations. Important doctors, for examples one need only go through the list of Nobel Laureates, have apparently not suffered from math phobia, but rather retained a lifelong fondness for mathematical ideas and ways of seeing.
Maybe this understanding between physicians and mathematicians has deep roots in the past: counting and healing was, by all accounts, magicians' and medicine men's mysterious privilege in pre-scientific cultures. Both subjects were, however, unlike the previous conjuration spirit and belief in magic and the good or evil ghosts, carried by the same rationalistic spirit throughout Greek and Roman antiquity (perhaps beside the Asclepiades). Geometric and arithmetic ratios should be explained and not adored or cursed! In the same mind, Greek medicine has established itself as a strictly materialistic subject who described the disease course in purely objective, observable terms, and also envisioned solely objective reasons and pure physical treatment.
14 Tasks for mathematics education. All higher educational institutions within mathematics have over the last years experiences that often more than half of their graduates were employed in the financial sector, especially to the mathematically delicate evaluation of options and other derivatives. Some university teachers have been just as pleased as their students over these quick appointments. Some went so far as to point to this new job market as an argument to attract new math students to their universities.
I agree with the series of critical contributions in the Mathematical Intelligencer: there is no reason to be proud to have trained some of our best students just to that task. 15 One alternative is to train our students in pure mathematics at its best. Perhaps an even better alternative is to direct students' attention to the many fascinating possibilities of cooperation in the medical world at the population level, e.g., in the study of infectious diseases and antibiotic resistant bacteria; at the organism and organ level, e.g., in the study of cardiovascular diseases; or at the cellular level, e.g., in the study of β-cells and other highly differentiated cell types.
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Illustrations:
Fig. 1. Two-phase secretion of insulin with three different β-cell modes. The figure shows at the bottom three β-cells in three different states. The smaller circles symbolize insulin vesicles. The graph on top shows the insulin secretion over time for a single cell. As the graph shows, the insulin secretion is explosive in the short first phase (mode i). In the longer second phase (mode iii), the secretion is rather constant and more evenly distributed. Between the two phases is the waiting state ii. As depicted in the β-cells at the bottom of the figure, the three molecular states are similar to each other. Consequently, they do not explain the order in the sequence of phases. It is that order which one now seeks to explain by means of mathematical models that involve the interplay between all processes. After Renström (2011) in [1], p. 40 
